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This paper describes a facile method to produce three-dimensionally ordered macroporous (3DOM)
alumina, iron oxide, manganese oxide, chromium oxide, and their mixed-metal oxides. An ethylene glycol
(EG)—methanol mixed solution of metal nitrates was infiltrated into the void of the colloidal crystal
template of a monodispersed poly(methyl methacrylate) (PMMA) sphere. Heating initiated nitrate oxidation
of the EG to produce metal glyoxylate salt. Further heating converted the glyoxylate salt to metal oxide
and decomposed PMMA which produced the desired 3DOM metal oxides. Two important parameters of
this method are clarified in order to produce a well-ordered 3DOM structure in high yield: (1) The
nitrate oxidation temperature should be lower than the glass transition temperature of the PMMA. (2)
The heat produced by oxidative decomposition of the PMMA should effectively be removed. Furthermore,
high porosity (66-81%) of the 3DOM materials was confirmed by Hg porosimetry, which can permit
facile transport of guest molecules and particles in potential catalysis and filtration.

Introduction Scheme 1. Synthesis of 3DOM Metal Oxide Using Ethylene
Glycol—Methanol Solution of Metal Nitrate as Precursor
Recently, much attention has been focused on three- Solution and Model of the Inverse Opals Structure (Insets)

dimensionally ordered macroporous (3DOM) materials with ~ Tetrahedral void Octahedral void

pores sized in the submicrometer range because of their Heating
application in photonic crystals, catalysis, and separation. 1 Nethoncl oo
. . Mitrate oxidation

To date, the most common synthetic method for the pro- PR sphae to metal giyoylate
duction of 3DOM metal oxides has been an alkoxide-based 2. Remaining £ evaparaton

— = (i i i EG-methanol solution of metal nitrate in Metal glyoxylate derivatives
sol—gel process: (|) a colloidal crystal template is prepared T
by ordering monodisperse .s.phe.res, e.g., polystyrene, poly- N
(methyl methacrylate), or silica, into a face-centered close- Tetrahedral vertex

packed array (opal structure); (i) interstices in the colloidal ¢, heating

crystal are then filled with liquid metal alkoxides, either neat 7 ————

or in solution, which solidify in situ via a selgel transfor- 6. Metal glyoxylate
mation, resulting in an intermediate composite structure; (iii) Mmlloxide
an ordered foam is produced after removing the template 3DOM (Inverse opal) mefal ade

by calcination or extraction. The ordered (“inverse opals”)
structures synthesized by using this method consist of a
skeleton surrounding uniform close-packed macropores 1he common alkoxide-based sa@el method, however,
(Scheme 1, insets). The macropores are interconnectect@n be applied only to the synthesis of limited metal oxides
through windows which are formed as a result of the contact (generally, Si, Ti, Zr, and mixtures of these) if the metal
between the template spheres prior to infiltration of the alkoxide precursor is only moderately reactiidost of the
precursor solution. Furthermore, the 3DOM materials have other metal alkoxides react so quickly that the reaction cannot
high porosity, theoretically ca. 74%. Connected macropores be controlled. Furthermore, obtaining alkoxide precursors of
with high porosity can permit facile transport of guest transition metals and lanthanide metals is difficult and
molecules and particles in potential catalysis and filtration. expensive. Commercially available common salts of these
metals are usually not suitable for starting materials because
* Corresponding authors. Phone: Int.-81-11-706-9166 (M.S.); Int-81-11-706- Of their melting feature. These salts melt at a temperature
9164 (W.U.). Fax: Int.-81-11-706-9163 (M.S.); Int.-81-11-706-9163 (W.U.). where the template polymer decomposes and, therefore, do
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and lanthanide salts before decomposition of the polymer 3DOM materials efficiently. For the preparation of 3DOM
template is necessary. alumina, decomposition of PMMA is endothermic; therefore,
An alternative method for producing the 3DOM materials the 3DOM alumina was able to be easily prepared even in
of the transition metal oxides was reported by Yan €t al. a conventional oven. We also demonstrated that the well-
They infiltrated metal salts (acetate or nitrate) into voids in ordered 3DOM material prepared with our materials had high
the colloidal crystals and solidified them as oxalate salts by (ca. 66-80%) porosity with uniform connecting pore size,
reacting the incorporated metal salts with oxalic acid in the Which is an attractive feature for potential catalysts and filter
voids. The metal oxalate was converted to metal oxides materials.
without melting, which is a key factor in successfully _ _
producing 3DOM metal oxides (MgO, &z, Mn,Os, F&:0s, Experimental Section
C030,, NIO, and ZI’IQ). mat_e”als' In Oth_er cases (alumina, Materials. All chemicals were reagent grade and used as
SnQ, or Ln,Oy), solidification by reacting ammorfigor supplied. All metal nitrates were hydrate forms. Suspensions of
ethylenediaminetetraacetic acid (EDPAjs been reported.  monodisperse poly(methyl methacrylate) (PMMA) spheres (diam-
These two-step methods are, however, not suitable foreters, 183+ 6, 268+ 9, and 413+ 15 nm) were synthesized
preparation of 3DOM materials of mixed-metal oxides. Each according to standard techniques and packed into colloidal crystals.
metal has different reactivity with oxalic acid or base, and The obtained template was crushed with an agate mortar, and the
the produced oxalate salts or metal hydroxides have differentobtained particles were adjusted into 0.425000 mm using testing
solubility in the reacting media, which causes mixed-metal S'evis (Tgkfyo Sc;(rel((an, Coélr_]td.)_. Qlu\j\\;tzksaan{kle mesh) was
oxides with undesired metal rattoSynthetic procedures, purchased from Kokusan Chemical Works (Tokyo).

hich hemical h itv of th duct Characterizations. Powder X-ray diffraction (XRD) patterns
whict znsure chemical homogeneity of the product, aré qre recorded with a diffractometer (Rigaku, RINT Ultitreusing
required.

Cu Ka radiation (tube voltage, 40 kV; tube current, 20 mA)
Recently, we have presented a facile one-pot procedureequipped with a graphite monochromator. The diffraction line
to prepare 3DOM mixed iron oxide, LaSrFeQ_s (X = widths were obtained after the subtraction of the instrumental width
0—0.4) and MFgO, (M = Zn, Ni, or Co), which does not  determined by the line width of silicon powder, and crystallite sizes
need any alkoxide precursor preparation (SchemeQr were calculated from the width of the most intense lines using the
strategy was to use an ethylene glycol (E@)ethanol mixed ~ Scherrer equation. Cell parameters were calculated using a least-
solution of metal nitrate salts, which could be converted to Sd4a'€ metlhOd from XRD "”es( (mO;e than Stix "”ej)' ”;‘ages of
. ) P scanning electron microscopy (SEM) were obtained with a JSM-
;msli)iﬁdnr;;[:el g(lj))/(?é(gtl?(;ﬁ (gtrr;gs\?l tc; ﬁ?é?a?;rg?g;?ebﬁ?; 7400F (JEOL) using an accelerating voltage of 1.5 kV. Samples

| d. Furth lcinati d th for SEM were dusted on an adhesive conductive carbon paper
template was removed. Further calcination removed the yuacheq on a brass mount. Images of transmission electron

polymer template and converted the glyoxylate salt to mixed- microscopy (TEM) were obtained with a JEM-2000FX (JEOL)
metal oxides, resulting in the well-ordered 3DOM mixed iron ysing an accelerating voltage of 200 kV with a laflament.
oxide materials in high yield. Samples for TEM were prepared by sonicating small amounts of
In this paper, we present the crucial factors of our method, the powder in 5 mL of ethanol for 1 min and then depositing a few
which is applicable to the preparation of 3DOM alumina, drops of the suspension on a holey carbon grid. Thermogravimet-
iron oxide, chromium oxide, manganese oxide, and their ric—differential thermal analysis (TEGDTA) measurements were
mixed-metal oxides. However, 3DOM materials with other PErformed with a TG-8120 (Rigaku) thermogravimetric analyzer.
metal (Cu, Ni, Zn, Co, Mg, Ca, La, Ce) oxides could not be Nitrogen adsorption measurements were performed on an Autosorb

. . . 6 (YUASA IONICS) gas adsorption analyzer. Prior to the sorption
obtained. By comparing the thermal analysis of the metal measurements, the samples were degassed under vacuum at 473 K

nitrate-EG solutions, we have proposed that the nitrate ¢, 1 h_surface areas were calculated by the BrunaBetmet-

oxidation temperature should be lower than the glass tejler (BET) method. Macropores were characterized by a Hg
transition temperature in order to maintain the 3DOM porosimetry experiment using PoreMaster 33P (YUASA IONICS).
framework under our synthesis condition. Detailed structural Pore sizes were calculated using the Washburn equation with a Hg
characterization of 3DOM alumina, manganese oxide, and contact angle of 140and a surface tension of 480 dgm.

iron oxide is described. We have also found that the efficient Elemental analyses were performed by the Center for Instrumental
removal of heat, which was released by oxidative decom- Analysis at Hokkaido University. FT-IR spectra were recorded with

position of PMMA, is important to produce well-ordered a Perkin-Elmer Paragon 1000 Fourier transform infrared spectrom-
’ eter with 2 cm? resolution.

Synthesis of 3DOM Metal OxidesMetal nitrate hydrates (metal

(3) Yan, H.; Blanford, C. F.; Holland, B. T.; Smyrl, W. H.; Stein, A.

Chem. Mater200Q 12, 1134. cqn.cent.ratlon, 2 M) were dissolved with ca. 5 mL of EG by .slow
(4) (a) Yan, H.; Sokolov, S.; Lytle, J. C.; Stein, A.; Zhang, F.; Smyrl, w. stirring in a 100 mL beaker at room temperature, or 313 K in the
H. J. Electrochem. So@003 150, A1102. (b) Sokolov, S.; Bell, D.; case of the aluminum nitrate, until all of the nitrate salt had
Stein, A.J. Am. Ceram. So2003 86, 1481. dissolved, and the produced EG solution was poured into a 25 mL
(5) Zhang, Y.; Lei, Z.; Li, J.; Lu, SNew. J. Chem2001, 25, 1118. . .
(6) (a) Sokolov, S.; Stein, AMater. Lett.2003 57, 3593. (b) Yan, H.: volumetric flask. Methanol (10 mL) and EG were added in amounts

Blanford, C. F.; Lytle, J. C.; Carter, C. B.; Smyrl, W. H.; Stein, A.  necessary to achieve the desired concentration (the final concentra-

Chem. Mater2001 13, 4314. (c) Yan, H.; Blanford, C. F.; Smyrl,  tion of methanol was 40% by volume). Then, the PMMA colloidal
W. H.; Stein, A.Chem. Commur200Q 1477.

(7) (a) Sadakane, M.; Takahashi, C.; Kato, N.; Ogihara, H.; Nodasaka,

Y.; Doi, Y.; Hinatsu, Y.; Ueda, WBull. Chem. Soc. Jpr2007, 80, (8) (a) Zou, D.; Ma, S.; Guan, R.; Park, M.; Sun, L.; Aklonis, J. J.; Salovey,
677. (b) Sadakane, M.; Takahashi, C.; Kato, N.; Asanuma, T.; Ogihara, R. J. Polym. Sci., Part A: Polym. Cherti992 30, 137. (b) Lytle, J.
H.; Ueda, W.Chem. Lett2006 35, 480. (c) Sadakane, M.; Asanuma, C.; Yan, H.; Ergang, N. S.; Smyrl, W. H.; Stein, A. Mater. Chem

T.; Kubo, J.; Ueda, WChem. Mater2005 17, 3546. 2004 14, 1616.
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Figure 1. TEM and SEM images of solid materials obtained after calcination at 673 K of PMMA (diameter, 291 nm) colloidal crystal infiltrated by
EG—methanol (40 vol %) mixed solution of M(N§)x (metal concentration, 2 M) M= Al (x = 3) (a and b), Fex = 3) (c—e), Mn x = 2) (f and g), and
Cr (x = 3) (h and i) (iPMMA (diameter, 416 nm) was used). Calcination rate wasnif<l, and the calcination temperature was maintained for 5 h.

Table 1. Metal Dependence on the Formation of 3DOM Material

metal Fe Cr Al Cu Mn Ce Co Zn Ni La Mg Ca
3DOM? A B A D C D D D D D D D
crystal phase F©3 Cr,03 amor CuO MniOs, CeQ C0z04 ZnO NiO LasO;NO3 MgO CaCQ
Mn304 La,0,CO3
crystallite size [nn] 19 39 18 8 17 9 12 7 42
ox. temp [KF 328 335 342 375 377 383 386 388 392 403 413 N.O.

aA: well-ordered 3DOM structure was observed by SEM, and the fraction of 3DOM was more than 95% (more than 20 particles were randomly chosen
by SEM, and the images with magnifications of 56dM000x were taken. The fraction of 3DOM was calculated as follows: number of particles which
contain the 3DOM structure/total number of particles). B: more than 95% of the samples contained 3DOM structure, but not well-ordered. C: ca. 60% of
samples contained well-ordered 3DOM structure. D: only a very small part of the sample has 3DOM structure (fraction of 3DOM was less than 5%), or
porous structure was hardly observed by SEMrystallite sizes were calculated from the width of the most intense line using the Scherrer equation
corrected for instrumental broadenirfgObtained from TG-DTA. ¢ Not observed.

crystals were soaked in the solution for 3 h. Excess solution was calcination at 673 K, the obtained samples were checked by
removed from the impregnated PMMA colloidal crystals by vacuum SEM and TEM. As shown in Figure *e, well-ordered
filtration. The obtained sample was allowed to dry in air at room 3p0M structures of alumina and iron oxide were obtained

temperature overnight. A 0.5 g amount of the sample was mixed . . . . 0 .
with 2.5 g of quartz sand (3015 mesh) and calcined in a tubular in high yield. Large fractions (more than 95% of particles

furnace (i.d. ca. 22 mm) in an air flow (50 mhint). The by SEM images) of the sample had highly ordered porous
temperature was raised at a rate of i1 to 673 K and held ~ Structure in three dimensions over a range of tens of
for 5 h. After the calcination, the obtained powder sample was micrometers. In the case of manganese oxide, 3DOM
separated from the mixed quartz sand using testing sieves, wherestructure was observed (Figure 1f) but contained agglomer-
bigger quartz sand remained on the testing sieves. ates of nanosized particles (Figure 1, parts f and g). In the
case of chromium oxide, 3DOM structure of,Og was not
well-ordered compared to others (Figure 1h) due to crystal
Scope of Metal.In order to clarify the scope of metals growth of the CsO; (39 nm, Table 1). It is known that
for 3DOM materials using our EG in situ nitrate oxidation growth of crystallite size destroys the 3DOM structtfé.
method, we tested nitrate salts of Ni, Co, Mn, Cu, Fe, Cr, Also, in the case of iron oxide and manganese oxide as
Zn, Mg, Ca, Al, La, and Ce as a starting metal source. After described below, 3DOM structure collapses when the crys-

Results and Discussion
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presence of the desired Aglyoxylatel® We also heated the
solution in an oil bath and observed brown gas evolution
(the color of NQ) at around 373 K. The weight decrease
continued up to ca. 773 K with a total weight loss of 92%,
indicating the presence of ADs.1°
The nitrate oxidation temperatures, estimated by using
TG—DTA (starting temperature of weight decrease), pro-
duced crystal phases, and crystallite sizes, based on XRD
patterns, are summarized in Table 1. It is known that the
metal salts should be solidified before the PMMA is
removed, and Yan et al. succeeded in producing 3DOM
3<l)o ' 4<l)o ' 5:)0 ' 6(1)0 ' 7(1)0 ' 8(1)0 ' 900 MgO, CrOs, Mn0O;, Fe0s Co04 NiO, and ZnO by
Tem perature / K converting metal nitrate or metal acetate to metal oxalate
salts before the PMMA decompositiéhn our methods, all
metal nitrates except for Ca(NJQ were converted to the
metal oxalate derivatives at a temperature where PMMA
decomposes (ca. 51®30 K). However, only 3DOM
materials of iron oxide, alumina, manganese oxide, and
chromium oxide were able to be obtained. Nitrate oxidation
temperatures of these metal nitrates were relatively low
(328-377 K) compared to the others, indicating that other
heating-related events should be considered. The glass
transition temperature of PMMA is important for the 3DOM
preparation in our method, that of our PMMA is ca. 380 K,
N because above this temperature PMMA melts and the void
300 400 500 600 700 800 900 space between the PMMA spheres decre&sédherefore,
_ Temperature /K the nitrate oxidation should be completed before the PMMA
R ) ana PO e s 6 oo e o Ay, S to melt In our previous papeie have indicated
9H,0 (2 M) (b) at a heating rate of 1 -in~L. Air flow rate was 30 that the presence of methanol increased the 3DOM structure
mL-min1, yield. By melting of the PMMA, the solution in the void is
squeezed out. Methanol evaporated before the melting of the
tallite size exceeds ca. 40 nm. By increasing the PMMA pMMA, made space in the void, and reduced the amount of
sphere to 413 nm, 3DOM structure of O was able to be  the solution which was squeezed out from the voids. In the
obtained (Figure 1i). On the other hand, in the case of other case of Fe, Al, and Cr where well-ordered 3DOM structure
metals, very small fractions of the samples had 3DOM was obtained in high yield, the nitrate oxidation was lower
structure (less than 5% of particles observed by SEM hadthan the PMMA glass transition temperature and these
3DOM structure). We have succeeded in producing 3DOM solidified sufficiently in the void. On the other hand, in the
structure of iron oxides mixed with Zn, Ni, Co, or [a; case of Mn and Cu, the nitrate oxidation temperature was
however, 3DOM structure could not be obtained with these comparable to the PMMA glass transition temperature.
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metals alone. Solidification by nitrate oxidation and melting of the PMMA

In order to understand the metal dependency, the calcina-occurred at the same time, and some of the metal salts were
tion process was analyzed by T®TA. The TG-DTA squeezed out from the void in the template causing low
curve of a EG-methanol solution containing Al(Ng-6H,0 fraction of 3DOM structure.

without the PMMA template is shown in Figure 2a. Weight  Structural Characterization of Iron Oxide, Manganese

loss from room temperature to ca. 340 K with an endothermic Oxide, and Alumina. As summarized in Tables -4,

DTA peak corresponds to methanol angCHevaporation. alumina, iron oxide, and manganese oxide were carefully
Weight loss from 342 to 360 K with an exothermic peak investigated by increasing the calcination temperature and
was observed. This weight loss corresponds to the reactiontheir crystal phase, crystallite size, BET surface area, pore
of EG with metal nitrate to produce metal glyoxylate size, window size, and remaining organic element.
([C2H204)%") or oxalate ([GO4?") and NQ gas. The IR In the case of alumina, 3DOM structure was maintained
spectrum of a solid obtained after calcination of the-EG  until the calcination temperature reached 1473 K. The crystal
methanol solution containing Al(N§-6H,O at 523 K has system of the obtained material was amorphous until the
carbonyl peaks (1722, 1699, and 1639 émnwhich are

similar to carbonyl peaks (1723 and 1695 ¢jnof com- (9) (a) Caizer, C.; Stefanescu, M.Phys. D: Appl. Phy2002 35, 3035.

mercial Ab(C,O4)3*nH,O (Supporting Information Figure (lg)gztesfgns?gu, M.; Sasca, V.; Birzescu, MTherm. Anal. Calorim

S1). .Ste'fanescu and co-wquers ha'-V? reported a S_|m'|ar(10) The density of the EGmethanol solution containing AN (2 M)

reaction in aqueous mediayhich was similar to the reaction was 1.24dgcm‘3. _TﬂeI prod;:%tjl?)/r] ofd /;dég/szO4)3 a.ndI AbO3
; ; corresponds to weight loss o an , respectively.

we found in our synthe5|s of 3DOM LaFe@nd ZnFQO“'Mb (11) Sen, Tp.; Tiddy, G. Jq T.; Casci, J. E Anders‘())n, NP&‘hem.yMate.r

The weight loss up to 473 K was ca. 78%, indicating the 2004 16, 2044.
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Table 2. Structural Data for Samples of AbO3 Prepared at Different Calcination Temperatures

elemental analysis [wt %]

calcd temp crystal BET surface  crystallite size  pore size window size

K] 3DOM2 phase area [n¥-g~Y] [nm1P [nm]e [nm]e C N H S
673 A amor 74 148 2 57+3x55+3 2.2 0 1.4 0.35
773 A amor 75 1.1 0 1.2 0.4
873 A amor 60 136:3 58+ 5x51+5 1.45 0 1.0 0.4
973 A amor 72 1.9 0 1.0 0.45
1073 A amor 60 14& 2 59+ 5x59+3 0.7 0 1.0 0.3
1173 A y-Al203 70 0 0 0.8 0
1273 A y-Al203 57 160+ 4 76+ 4 x65+5 0 0 0.6 0
1373 A y-Al,03 35 0 0 0.5 0

+ 0-Al,03
1473 A 0-Al,03 21 137+ 3 56+ 4 x47+3 0 0 0.5 0

+ oAl 203
1573 D o-Al 03 <1 67 0 0 0.3 0
1673 D o-Al 03 <1 87 0 0 0.4 0

aA: well-ordered 3DOM structure was observed by SEM, and the fraction of 3DOM was more than 95% (more than 20 particles were randomly chosen
by SEM, and the images with magnifications of 56dM000x were taken. The fraction of 3DOM was calculated as follows: number of particles which
contain the 3DOM structure/total number of particles). D: 3DOM structure was not observed by’ SEpstallite sizes were calculated from the width of
the (113) line (JCPDS: 46-1212) using the Scherrer equation corrected for instrumental brogd@amegsizes corresponding to the distance between the
centers of two neighboring open spheres and window sizes were averaged over 20 sizes estimated by the (110) direction of the TEM images.

Table 3. Structural Data for Samples of MnO3 Prepared at Different Calcination Temperatures

elemental analysis [wt %)

calcd temp crystal BET surface  crystallite size  pore size window size
K] 3DOMa phase area [m¥-g1] [nm]P [nm]e [nm]e C N H
673 C MnO3 53 176+ 2 87+£6x85+7 0 0 0 0.5
+ Mn30q4
773 C MnO3 32 36 0 0 0 0.5
873 D MnO3 20 41 0 0 1.0 0.4
973 D MnO3 19 46 0 0 0.4 0

aC: ca. 60% of samples contained well-ordered 3DOM structure. D: 3DOM structure was not observed BySEtallite sizes were calculated from
the width of the (222) line (JCPDS: 24-0508) using the Scherrer equation corrected for instrumental bro&dRimgizes corresponding to the distance
between the centers of two neighboring open spheres and window sizes were averaged over 20 sizes estimated by the (110) direction of the TEM images.

Table 4. Structural Data for Samples of FeOs Prepared at Different Calcination Temperatures

elemental analysis [wt %)

calcd temp crystal BET surface  crystallite size  pore size window size
K] 3DOMa phase area[m-g] [nm1° [nm]e [nm]e C N H S
673 A FeOs 57 19 170+ 10 82+ 16 x 74+ 13 0 0 0.3 0.3
773 A FeOs 35 36 0 0 0.3 0.3
873 D FeOs 26 41 0 0 0 0.35
973 D FeOs 13 54 0 0 0 0

aA: well-ordered 3DOM structure was observed by SEM, and the fraction of 3DOM was more than 95% (more than 20 particles were randomly chosen
by SEM, and the images with magnifications of 56AM000x were taken. The fraction of 3DOM was calculated as follows: number of particles which
contain the 3DOM structure/total number of particles). D: 3DOM structure was not observed by’ SEpstallite sizes were calculated from the width of
the (104) line (JCPSD: 33-0664) using the Scherrer equation corrected for instrumental brogdeaiegsizes corresponding to the distance between the
centers of two neighboring open spheres and window sizes were averaged over 20 sizes estimated by the (110) direction of the TEM images.

calcination temperature reached 973 jKAIl,O; between vertices are connected by strutlike bonds, as reported in the
1073 and 1273 Ky- andd-Al 0z at 1373 K,0- anda-Al ,03 case of our 3DOM ferrit@ and othergb13.14

at 1473 K, andx-Al,O3 more than 1573 K. The BET surface In the case of iron oxide and manganese oxide, the 3DOM
area started to decrease when the amorphog@;Atarted structure was maintained up to 773 K. In comparison to
to crystallize and was<1 n?-g~* when the big crystal of  mixed iron oxide such as LaFg@nd ZnFgO,, iron oxide
o-Al,O3 grew and, therefore, the 3DOM structure collapsed. crystal grows faster and destroys the 3DOM structure. In
The pore size and window size estimated by using TEM iron oxide and manganese oxide, carbon and sulfur can be
image (Figure 3) were ca. 150 and 57 nm, respectively, andmore easily removed from the materials than alumina due
did not change in response to increasing temperature. Thefo the high oxidative activity of iron and manganese. Pore
pore size was ca. 52% of the original PMMA sphere because
of melting of the PMMA spheré!! Carbon and sulfur ~ (12) (@ Winhoven, J. E. G. J,; Vos, W. Science1998 281 538. (b)

- . Richel, A.; Johnson, A. N. P.; McComb, D. \Wppl. Phys. Lett200Q
remained up to 1073 K, whereas no nitrogen was observed 76, 1816. (c) Wijnhoven, J. E. G. J.; Bechger, L.; Vos, W.Qhem.

at 673 K. The structure of the 3DOM is a so-called “shell gllsat%BZOOl 13 4486. (d) Wang, D.; Caruso, Rdv. Mater. 2003
structure” in case of amprphous alumina, Where_ the surface 13 Bianford, C. F.; Yan, H.; Schroden, R. C.; Al-Daous, M.; Stein, A.
of the template sphere is covered by the alumina. Crystal- Adv. Mater. 2001, 13, 401.

PR “ " “ (14) (a) Dong, W.; Bongard, H. J.; Tesche, B.; Marlow,A¢lv. Mater.
lization changes the “shell structuté’to a “skeleton 2002 14, 1457. (b) Dong, W.. Bongard, H. J.; Marlow, Ehem.

structure”, where tetragonal vertices and square prism Mater. 2003 15, 568.
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Table 5. Pore Sizes and Window Sizes Estimated by TEM and Hg
Porosimetry

PMMA  crystal poresize  window size pore size porosity

[nm] phasé  [nm]P [nm1P [nm] [%]
183 y-Al,O3 116+ 4 54+ 6x49+4 50
268 y-Al,O3 160+ 4 76+£4x65+5 67 81
413 y-Al,03 243+ 7 105+ 7 x 98+ 7 88 66

aSample was made by calcination temperature of 1278Rare sizes
corresponding to the distance between the centers of two neighboring open
spheres and window sizes were averaged over 20 sizes estimated by the
(110) direction of TEM images.

Table 6. Lattice Constants of 3DOM Mixed-Metal Oxides

calcd crystallite
temp  crystal lattice constant size
sample  [K] syster [Al2b [nm]e
R o o ZnAl,O, 873 cubic a=8.1128+ 24 (8.0848) 31
Figure 3. TEM images of 3DOM alumina materials. Calcination temper- LaAlO; 1073 hexagonal a= 5.3657+ 9 (5.3640) 37
ature: 873 (a), 1073 (b), 1273 (C), and 1473 K (d) c= 13.0955+ 57 (13.1100)
LaCrOy 773 monoclinic a= 7.0316+ 24 (7.0369) 56

b=7.2276+ 32 (7.2348)

Cc=6.6927+ 27 (6.6918)

B = 104.96+ 4 (104.95) deg
ZnCr,04 873 cubic a=8.3270+ 29 (8.3275) 13
LaMnO; 973 hexagonal a=5.5167+ 60 (5.5230) 28

¢ =13.3573+ 230 (13.3240)

aLattice constants were calculated from XRD d&t®alues in paren-
theses were reported value in the JCPDS data 05-0669, 31-0022, 22-1107,
and 32-0484 for ZnAl2@ LaAlOs, ZnCrO4, and LaMnQ, respectively,
and ref 15 for LaCr@ ¢ Crystallite sizes of ZnAlO4, LaAlOs, LaCrG;,
ZnCr,04, and LaMnQ were calculated from the width of the (311), (110),
(200), (311), and (102) line using the Scherrer equation corrected for
instrumental broadening.
pore sizes by changing the size of PMMA (Figure 4). The
pore sizes and window sizes related to that of PMMA are
summarized in Table 5.

Preparation of 3DOM Mixed-Metal Oxides. We have
reported that 3DOM materials of several mixed iron oxides
PMMA are 183 (a and c) and 413 nm (b and d). can be obtained by using our metho@®DOM mixed

. ) . ) aluminum, manganese, and chromium oxides can be pre-
size and window size were ca. 170 and 80 nm for both iron .04 SEM images are presented in Supporting Information
oxide and manganese oxide, which correspond to ca. 42%y re5 5256, and the crystal systems, lattice parameters,
shrinkage from the original PMMA sphere. and crystallite sizes are summarized in Table 6. 3DOM

Easy Preparation of 3DOM Alumina. Decomposition  mixed-metal oxides (ZnADa, LaAlOs, LaCrQs, ZnCrOx,
of PMMA with and without Fe ion is always an exothermal gnq LaMnQ) materials were obtained with the desired
reaction, and the removing of this heat is important to crystal system. In the case of LaCt® it was difficult to
produce 3DOM structure. Therefore, we have always diluted maintain the 3DOM structure because of rapid crystal growth.
our infiltrated PMMA template with quartz saridzurther-  Agter calcinations at 773 K, the 3DOM structure started to
more, a low heating rate (1 -Kin™) and air flow (50  cgllapse (Supporting Information Figure S5a) and the crys-
mL-min~?) for 0.5 g of the infiltrated PMMA template mixed  ¢a|jite size was ca. 56 nm. By decreasing the calcination
with 2.5 g of quartz in a ca. 22 mm tube is crucial to produce temperature to 723 K, well-ordered 3DOM structure was
3DOM materials. Removing quartz sand is a time-consuming gptained (Supporting Information Figure S5, parts b and c),
step and scale-up is difficult. but the obtained material was amorphous. Once the LaCrO

We have found that decomposition of PMMA in the case was formed the crystallite grew faster than the other metal
of alumina is endothermic under our conditions. Figure 2b oxides and started to destroy the 3DOM structure. More
shows the TG-DTA chart of the EG-methanol solution  careful calcination or increasing of the PMMA sphere
containing AI(NQ)s (2 M) infiltrated in a PMMA template.  diameter (as described for the synthesis o0gis necessary
The weight loss up to ca. 500 K corresponded to the to produce well-ordered 3DOM LaCkOThese materials can
evaporation of the methanol, the NGnd the remaining  be good candidates for catalysts, SOFC electrodes, optical
EG. The big weight loss between 500 and 600 K with an and magnetic materials, and the introduction of well-ordered
endothermal peak corresponded to the degradation of theporosity is expected to control the performance. In addition
PMMA and Al(C;H20,)3 to produce the alumina. to our previous reportspur method is a versatile and facile

Once we can produce well-ordered 3DOM alumina one for the production of 3DOM mixed-metal oxides of
without quartz sand and air flow in a conventional oven, aluminum, iron, manganese, and chromium, which over-
future scale-up is promising. Furthermore, we can control comes the previously reported faults regarding difficulty in
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values were close to the theoretical value (74%) for the
porosity of inverse opals, indicating that samples made by
our method have the desired 3DOM structure quantitatively.

uhtive htrusbn [cc/g]

Conclusion

herem ental htwusin [cc/g]

Cum

. , . . : : Together with our previous papéwe have demonstrated
bomsie ] ° pore sie ] | ° that 3DOM materials of alumina, iron oxide, manganese
Figure 5. Hg porosimetry results of 3DOM alumina. The diameters of OXide, chromium oxide, and their mixed-metal oxides could
PMMA are 183 (squares), 268 (circles), and 413 nm (triangles). Open be prepared using our facile one-pot procedure in high yields.
symbols represent intrusion and closed ones represent extrusion. The most important factor to produce the desired 3DOM
structure is that the nitrate oxidation temperature should be
lower than the glass transition temperature of PMMA. High
) ) ) ) porosity of the 3DOM materials, which is an attractive
Porosity. Porosity was measured using Hg porosimetry. teatyre for application as future catalysts and filters, was able
The cumulative and incremental intrusion was plotted againstg pe confirmed by using Hg porosimetry. Furthermore, we
pore diameter for three 3DOM alumina samples prepared yemonstrated that the removal of heat produced by oxidative
with PMMA spheres of 183, 268, and 413 nm (Figure 5). gecomposition of PMMA is important to keep the 3DOM
The Hg intrusion in the low-pressure region (ca.-810um) structure. In the case of alumina, PMMA decomposition is
was due to interparticle voids and cracks in the particles, 5 endothermic process (not oxidative decomposition) and
which were observed on the surface of particles (for example, ihe heat release treatment such as mixing with diluent or
Figure 1, parts d and e, Figure 4, parts a and b). The sharpyag flow is not necessary. Therefore, 3DOM alumina can

increase of the Hg intrusion was due to the interconnecting pe nroduced even in a conventional oven without any diluent
windows between the macropores. From the peak top of theg gas flow, which is attractive for future scale-up.

incremental intrusion spectra (Figure 5b) the window size
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